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The puzzle of the acceleration of the mobile charge carriers and the ions in the superconductor in 
direction opposite to the electromagnetic force revealed formerly in the Meissner effect is considered 
in the case of the transition of a narrow ring from normal to superconducting state. It is elucidated 
that the azimuthal quantum force was deduced eleven years ago from the experimental evidence of 
this acceleration but it can not solve this puzzle. This quantum force explains other paradoxical 
phenomena connected with reiterated switching of the ring between normal and superconducting 
states. 



1. INTRODUCTION 



The Meissner effect, interpreted fairly as the first 
experimental evidence of macroscopic quantum phe- 
nomenon, was discovered as far back as 1933. This effect 
has revealed a fundamental distinction between an ideal 
conductor and superconductor. Magnetic field should be 
invariable in the inside of a bulk ideal conductor in ac- 
cordance with the Lenz's law whereas it changes at the 
Meissner effect in defiance of the Lenz's law J.E. 
Hirsch expresses fairly astonishment 0] that this puz- 
zle is ignored: "Strangely, the question of what is the 
'force' propelling the mobile charge carriers and the ions 
in the superconductor to move in direction opposite to the 
electromagnetic force in the Meissner effect was essen- 
tially never raised nor answered to my knowledge, except 
for the following instances: 0/ (H. London states: "The 
generation of current in the part which becomes supra- 
conductive takes place without any assistance of an elec- 
trical field and is only due to forces which come from the 
decrease of the free energy caused by the phase transfor- 
mation, " but does not discuss the nature of these forces ), 
[4] (A.V. Nikulov introduces a "quantum force" to ex- 
plain the Little-Parks effect in superconductors and pro- 
poses that it also explains the Meissner effect)". The 
azimuthal quantum force, which J.E. Hirsch mentioned, 
was introduced 4] in order to explain some paradoxi- 
cal phenomena observed in superconducting rings but it 
can not explain the Meissner effect. Its essence and the 
region of application will be clarified in the present pa- 
per. The puzzle of the acceleration of the mobile charge 
carriers and the ions against the electromagnetic force 
indicated by J.E. Hirsch [2] in the Meissner effect is re- 
vealed also at the transition of a thin ring from normal 
to superconducting state. This and other puzzles will 
be considered in the next section. The deduction of the 
azimuthal quantum force from the Ginzburg-Landau the- 
ory and experimental facts will be described also in this 
section 2. The explanation of some paradoxical phenom- 
ena with help of the azimuthal quantum force will be 
considered in the section 3. 



2. DEDUCTION OF THE AZIMUTHAL 
QUANTUM FORCE 

The Ginzburg-Landau theory Q describes supercon- 
ducting state with help of the GL wave function ^gl — 
\^gl \ expi^, in which I^glI 2 = n s is interpreted as the 
density of superconducting pairs and h\/ip = p = mv+qA 
is momentum of single pair with the mass m and the 
charge q — 2e. Superconducting current density is 

n s q . . , . 

j s = [\/ip - qA) = n s qv (1) 

m 

when \/n s = [6]. The quantization can be de- 
duced from the requirement that the complex wave 
function must be single- valued ^ql — \^gl\ expitp = 
\^!gl \ expi(<^ + n27r) at any point in superconductor [6]. 
Therefore, its phase must change by integral multiples of 
2tt following a complete turn along the path of integra- 
tion, yielding the Bohr-Sommerfeld quantization 

jdlWip = jfrii| = j>di mV ± qA = n2ir (2) 

According to the relations (1), (2) and §, dlA = $ the in- 
tegral of the current density along any closed path inside 
superconductor 

Ho £dl\ 2 L j s + $ = n$ (3) 

must be connected with the integral quantum number 
n and the magnetic flux $ inside the closed path 
Al = (m/ Mo g 2 n s ) ' 5 = A L (0)(1 - T/T.)- 1 ' 2 is the Lon- 
don penetration depth; <£> = 2i:h/q is the flux quantum. 

2.1. Quantization in superconducting ring 

Consider a thin (w <C Al) cylinder or a ring with a 
radius r, section s = wh > and pair density n s > 
along the whole circumference I. According to (3), the 
persistent current 

qh $ *f> 

Ip = -Vs = ===(ti-—) = I p , A 2(n - — ) (4) 

mr(sn s ) 1 "±"0 v 
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must flow along the circumference I, when magnetic flux 
inside the cylinder or the ring $ = BS = Birr 2 is not 
divisible the flux quantum $ ^ n$o. Here h and w a re 
the height and width of ring or cylinder wall; (sn s ) _1 = 
I §,dl(sn s ) is the value determining the amplitude 

Ip,A — qh/2mr(sn s )~ 1 of the persistent current in a ring 
with section s and density n s which may vary along the 
ring circumference I [4|. 

The discreteness of pe rmitted s tates spectrum of super- 
conducting ring (4) at 1/ (sn s ) _1 > is beyond any doubt 
because of numerous experimental evidences, in partic- 
ular because of numerous observations of quantum peri- 
odicity of different parameters in magnetic field B. The 
quantum periodicity is observed because of the change 
with magnetic flux value $ of the integer quantum num- 
ber n corresponding to minimal kinetic energy 



E n = j dlsn s 



(5) 

of superconducting pairs. This phenomenon was ob- 
served first as far back as 1962 by W. A. Little and R. 
D. Parks Q at measurements of the resistance of thin 
cylinder in the temperature region corresponding to its 
superconducting resistive transition. Later on, the quan- 
tum oscillations of the ring resistance AR oc I p d, Q, 
its magnetic susceptibility A$/ p = LI p 1C|, the critical 
current J c ($/$ ) = 4o - 2 |/ p ($/$o)| El and the dc 
voltage Vd c (§/&o) oc I n ($/<f>n ) measured on segments of 
asymmetric rings @, [ij fl2Hl5| were observed. 



2.3. The puzzles 

The transition between the discrete spectrum with 
Ip.A 7^ and continuous spectrum with 1 Vi a — 0, de- 
duced on the base of the Ginzburg-Landau theory, was 
observed in numerous experiments. For example, it 
is observed at measurements of the critical current I c 
EL EH EH when the external current I ext used for I c 
measuring switches at I ex t = I c the ring in the nor- 
mal state n s = at each measurement and the ring 
comes back in superconducting state n s ^ when the 
I ex t value decreases down to zero, see Fig. 2, 3 in (l4j |. 
The quantum periodicity J c ($/$ ) EL E5 testifies to 
non-zero persistent current I v .a ^ in superconduct- 
ing state whereas in the normal state the electrical cur- 
rent I(t) = Ip exp — t / t circulating in a ring with an 
inductance L should decay during the relaxation time 
trl = L/R because of a non-zero resistance R > 0. 
The time of each measurement of the critical current 
Ic El EH Ell i s much longer than the relaxation time 
trl — L/R. Therefore the current changes from 1 = 
to I = I p = I Pt A2(n — 3>/<&o) at each return of the ring 
in superconducting state. 

The mobile charge carriers accelerate in direction op- 
posite to the electromagnetic force in this case as well as 
in the Meissner effect. Their angular momentum M p = 
(2m/q)IS changes from M p = to M p = (2m/q)I p S = 
(2m/ 1 q)Ip } Aitr 2 2{n — $/$ ). It is well known that the 
electrical current should decay at R > because of the 
dissipation force F<n s acting between electrons and the 



2.2. Transition between discrete and continuous 
spectrum of superconducting ring states 

The spectrum of the permitted states (5) is strongly 
discrete AE n ^ n+1 = \E n+ i — E n \ ^> fesT thanks to 
the enormous number N s = §, dlsn s of pairs in a real 
superconducting ring at T < T c . The energy differ- 
ence between permitted states AE ni7l+ x w I p ,a$o ~ 
4 10~ 21 J (5) at the real amplitude I p a ~ 2 [iA 
of the persistent current of a real ring measured even 
near superconducting transition T « 0.99T C ps 1.24 K 
El corresponds to the value AE niU+ i/kB ~ 300 K 
exceeding strongly the temperature of measurements 
T w 1.24 K. According to (4) and (5) the per- 
sistent current and the spectrum discreteness dimin- 
ish AE ntn+ i fs I p ,A$o = ^oqh/mr (sn s ) _ 1 — > with 
pair density decrease l/(sn s ) _1 — > 0. Both the per- 
sistent current I p> a — qfr/2mr(sn s )~ 1 and the energy 
difference AE n ^ n+ \ equal zero when pair density is zero 
n s,A = at least in a ring segment I a, Fig.l, because 
l/i-sris)- 1 w sln Si An s fi/(ln Sl A + Un s ,o - U«s,a) = 0. 



n s , A >0,R A = n sA = 0,R A >0 

1a 1a 




k B T $ g =0 ^^^^E. n=0, 1,-1,2 .... 

FIG. 1: The velocity of pairs and the persistent current (4) 
should be non-zero at $ ^ n$o when the whole ring is su- 
perconducting and the spectrum of the permitted states (5) 
is strongly discrete AE n , n +i S> ksT (on the left). The spec- 
trum of the permitted states of superconducting pairs is con- 
tinuous, their velocity and the persistent current are zero at 
any $ value when superconductivity is broken n a ,A = in a 
ring segment I a (on the right). 
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crystalline lattice of ions. Therefore the angular momen- 
tum of both the mobile charge carriers and the crystalline 
lattice of ions change after the transition of the ring in the 
normal state. We should think that the both one should 
change also at the transition in superconducting state, 
although no force acting between mobile charge carriers 
and the crystalline lattice of ions could be indicated in 
this case. Without this balance it could be possible to 
have rotated a ring merely with help of its switching be- 
tween superconducting and normal states at $ ^ n$o 
inside it. The angular momentum of superconducting 
pairs should change although without a known force but, 
at least, because of the known cause - the quantization 
(2,3). The angular momentum of ions should change even 
without this cause in order the ring could not rotate. 

Thus, the puzzle indicated by J.E. Hirsch Q in the 
Meissner effect is observed also at the ring switching from 
normal to superconducting state. In the second case this 
puzzle is even more mysterious. The direction, clockwise 
or anticlockwise, in which the mobile charge carriers ac- 
celerate against the electromagnetic force, depends only 
on the direction of magnetic field in the Meissner effect 
whereas in the ring this direction depends on the value 
of magnetic field B. The experiments testify that if, for 
example, this direction is clockwise at BS = $ « 0.25$o 
than it will be anticlockwise at BS = $ sa 0.75$o- 
A theory must be very ingenious in order to include a 
force the direction of which could change with a value. 
Other question, which can puzzle any theorist, may be 
connected with possibilities to close the wave function 
^gl — \^gl\ expiip in a ring segment I a, Fig.l. The 
quantum theory predicts even a mechanical force, which 
can be measured, at a mechanical closing of the super- 
conducting ring, see the end of [|J. The force should act 
because of the energy difference between superconducting 
states of the ring with zero and non-zero velocity of pairs 
4]. But no theory can answer on the questions: "Why 
and how quickly can the velocity of pairs in a segment 
Ib change from v = to v ^ after the transition of the 
I A segment into the superconducting state n Sl A > 0?" , 
Fig.l. This puzzle is more terrible than the acceleration 
of pairs in direction opposite to the electromagnetic force. 
The cause (the transition of the I a segment in supercon- 
ducting state) and the effect (the change of pair velocity 
in the Ib segment) may be spatially separated, Fig.l. 
Therefore a theory must provide a defined time during 
which the transition of the I a segment can change the 
velocity in the spatially separated segment Ib- I think it 
is easier to measure this time experimentally than to find 
a theory which could include this time. 



2.4. Momentum change in a time unite 

I did not lay claim in [3] to a solution of these puzzles, 
as well as of the Meissner effect puzzle. The azimuthal 
quantum force was introduced in Q in order to explain 
some other puzzles observed when ring segments or the 



whole ring are switched many times N sw ^> 1, with a 
frequency f sw — N sw /Q, between normal and supercon- 
ducting state. The azimuthal quantum force does not ex- 
plain why the mobile charge carriers and the ions can ac- 
celerate against the electromagnetic force. It is deduced 
from this puzzle. Hirsch argues 0] "that there is no phys- 
ical basis for such an azimuthal force ". I agree with this 
assertion if only the universally recognised quantum for- 
malism, in particular the Ginzburg-Landau theory, and 
above all numerous experimental results can not be con- 
sidered as the physical basis. The quantum formalism (4) 
states, in full accordance with all experimental results, 
that the persistent current must appear at the closing 
of superconducting state in the ring, Fig.l. The change 
K(n — $/$o) °f the angular momentum of each pair (at 
v = before the closing) must be because of the quanti- 
zation demand rp = nh (2). Although the quantum for- 
malism can not explain how this change of macroscopic 
number N s = 2nrsn s of pairs can be possible without 
any force, all experimental results testify to this force- 
free angular momentum transfer. 

Consider the switching with a frequency f sw <C 1/trl 
of the whole ring between superconducting and normal 
states observed, for example, at the measurements of the 
critical current I c [ill . [l4 . fig , see the section 2.3. In 
the superconducting state the circular electrical current 
equals I = I p = I p ^A2(n — $/$o) and the velocity of 
pairs §, dlv — 2nrv — (2wH/m)(n — $/$o) because of the 
quantization (2,4) whereas in normal state 1 = and 
the average velocity v = 0. Consequently the angular 
momentum of mobile charge carriers changes on AM p = 
±M p = ±(2m/q)I p S = ±(2m/ ' q)I PtA ^r 2 2{n - $/$ ) at 
each switching in normal (± = — ) or superconducting 
(± = +) state. The angular momentum of each elec- 
tron pair m p = mvr changes on Am p = ±h(n — $/$o)- 
The average velocity of mobile charge carriers falls down 
to zero S dlv = (2nh/m)(n — $/$o) exp — t/rRL be- 
cause of the dissipation force Fdis = ~i] v m accor- 
dance with the Newton's second law mdv/dt = Fdis- 
Here the relaxation time may be written trl = mjt). 
The angular momentum of electron pair varies from 
mvr = m<fdlv/2ir = h(n — $/$o) to mvr = dur- 
ing a time t 3> trl in accordance with the relation 
f*dt§dlF dis /2n = -n f Q dt § dlv/2n = -(r]/m)h(n - 

<J>/$o) /o dtexp —t/TRL ~ —H(n - $/$o) after each tran- 
sition into normal state. Consequently the dissipation 
force on average in time Fdis — © — 1 dtFdis may be de- 
scribed with the relation £ dlFdi S /2ir = —h(n—<&/<fr )fsw 
when the ring is switched with a frequency 1/0 <SC f sw <C 
between superconducting and normal states. The 
experiments [jj]> 13 [HI testify to a non-zero average 
value Fdis at $ ^ n$o and $ ^ (n + 0.5)$o because 
of the predominant probability P n oc exp —En/ksT of 
the superconducting state with the same number n at 
(n - 0.5)$ <$<(?! + 0.5)$ - 

The dissipation force §, dlFdi S /2iT = —h(n — $/$o)f sw , 
does not change the angular momentum of mobile charge 
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carriers during a long time G 3> l/f s w because the an- 
gular momentum must revert to the permitted value (2) 
at each return to superconducting state. This angular 
momentum change in a time unity 

?i(n-i-)f™=rF q (6) 

<3>0 

compensates 

<£dlF^~ s + 2TrrF q =0 (7) 

the one because of the dissipation force. The change of 
the pair momentum in a time unity F q because of the 
quantization (2) was called in [4J quantum force. Thus, 
the deduction of the quantum force in [|| do not overstep 
the limits of the universally recognised quantum formal- 
ism and is based on experimental results. 

Hirsch states that "an azimuthal quantum force act- 
ing on electrons only would change the total angular mo- 
mentum of the system, violating the physical principle 
of angular momentum conservation" [2|. It is not quite 
correct to say that the quantum force introduced in [4| 
acts. This "force" (6) describes only momentum change 
in a time unity because of the quantization (2) observed 
at switching of a ring from normal to superconducting 
state or between superconducting states with different 
connectivity of the wave function, Fig.l. The angular 
momentum change AM p = (2m/q)I p S of mobile charge 
carriers is observed at the transition into superconduct- 
ing state with I p = I Pt A2(n — &/&o) 0, for example in 
[TH Il4l . fl(| . The angular momentum change of the crys- 
talline lattice of ions did not observed directly for the 
present. But we should think that the angular momen- 
tum of both mobile charge carriers and the crystalline 
lattice of ions should change at the transition into super- 
conducting state as well as at the transition into normal 
state. Therefore if it could be said that the quantum 
force acts then one should assume that it, as well as the 
dissipation force, acts both on mobile charge carriers and 
the crystalline lattice of ions. 

3. PHENOMENA DESCRIBED WITH HELP OF 
THE AZIMUTHAL QUANTUM FORCE 

The azimuthal quantum force was introduced in Q 
in order to explain why the persistent current can not 
decay in spite of non-zero resistance. This paradoxical 
phenomenon was observed first in the Little-Parks exper- 
iment 0- The observations of the quantum oscillations 
of the resistance, AR cx I p 0-Q and magnetic suscep- 
tibility A$/ p = Lip give evidence that the persis- 
tent current can not decay in spite of non-zero resistance 
without the Faraday electrical field —dA/dt = 0. It is 
well known that an electrical current must rapidly decay 
I(t) — I exp — t/rRL in a rm g with a resistance R > 
if magnetic flux inside the ring does not change in time 
dQJdt = 0. But the persistent current does not decay! 



3.1. Why the persistent current can not decay 

In order to explain this paradox it was taken into ac- 
count in Q that the persistent current of superconduct- 
ing pairs is observed at R > only in a narrow tem- 
perature region T c - ST c /2 < T < T c + ST c /2 near su- 
perconducting transition. The resistance in this region 
is non-zero R(T) > but lower than the ring resistance 
in the normal state R(T) < R ns because of the ther- 
mal fluctuations @ which switch ring segments between 
superconducting and normal states. The non-zero per- 
sistent current I p ^ can be observed at R(T) > be- 
cause the values on average in time I p = 6 _1 dtl p (t), 
R = 9" 1 / dtR are measured. The average resistance 
is not zero R > because of the switching, from time 
to time, of ring segments or the whole ring into the nor- 
mal state and I p ^ is observed because of the opposite 
switching into superconducting state with the discrete 
spectrum of permitted states, see Fig.l. Below the fluc- 
tuation region, in superconducting state the resistance 
R = permanently and therefore the observations of the 
persistent current is not paradoxical whereas above this 
temperature region the persistent current of supercon- 
ducting pairs is not observed. 

The electrical current decays I{t) = I p exp —t / trl 
because of energy dissipation during a time t n when 
the ring resistance R(t) > 0. The current can dimin- 
ish down to zero at t n 3> trl or a non-zero value 
I(t n ) — I p exp—t n /TRL at t n < trl before the recur- 
rence of the whole ring into superconducting state at 
t = t n . After this recurrence the current must revert 
to the permitted value I p = I Pt A2{n — $/$o) (4) be- 
cause of the quantization (2,3). The angular momentum 
of mobile charge carriers changes from M p — (2m/q)I p S 
to M p = {2m/q)I{t n )S because of energy dissipation and 
from M p — (2m/q)I(t n )S to M p = (2m/q)I p S because of 
the quantization (2,3). Therefore the dissipation force on 
average in time Fdis should be equal the quantum force 
(7) although the quantum force can not be described with 
the relation (6) if t n < t rl , i.e. if f sw > 1/trl- 

The observations of the periodicity in magnetic field of 
the resistance AR tx I p @t9[ and the magnetic suscepti- 
bility A$/ p = LI p [lOj are evidence of the strong discrete- 
ness AE n ^ n+ i ^> ksT of the spectrum of superconduct- 
ing state with the closed wave function, Fig.l, even in the 
region T c -ST c /2 < T < T c +ST c /2 where the pair density 
is not zero nj > because of thermal fluctuations. These 
observations testify to no n-zero avera ge values of the per- 
sistent current I p = I Pt A^{n — &/$o) ^ 0, the dissipation 
force Fdis and the quantum force F q ^ at $ ^ and 
<I> ^ (n + 0.5)$o. These values equal zero at $ = n$o 
when the pairs velocity uan - <{> / <3>o and the persistent 
current (4) equal zero in the permitted state with the 
minimal energy (5). The state with v = and I p — 
is forbidden at $ ^ (n + 0.5)$q, but Jp = 0, F dis = 0, 
F q = because the permitted states n and n + 1 have 
the same energy (5) E n+l = I PtA <S> {n + 1 - $/$ ) 2 = 
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I p ^o0.5 2 = E n = I PjA $o(n - $/$o) 2 = / pA $ (-0.5) 2 
(5) and the same probability P n +i = P n but opposite 
directed persistent current I p (n + 1) = I PtA 2(n + 1 — 
$/$o) = /p,A2(n + 1 - n - 0.5) = +I PjA) I P (n) = 
Ip,A%(n - n - 0.5) = —I p ,j 



oscillations of the magnetic susceptibility A$j p — ±j± p 



The observations of the 
_ LT P 
[To| corroborate that I p = both at $ 7^ n$o and 
$7^ (n + 0.5)$o- The maximum of the resistance is 
observed at $ ^ (n + 0.5)<E> 0"H because AR oc i|: 
f = 7^4(n - $/$ ) « /^4(P Il+1 0.5 2 + P„(-0.5) 2 ) « 
A 2 

P,A' 

A conventional electrical current / can not decay at 
R > only if magnetic flux inside the ring changes in 
time RI = —d<P/dt. The current is maintained in this 
case by the Faraday electrical field E = —dA/dt. The 
electrical force F e = qE equilibrates the dissipation force 
§. dlFdis + §, dlF e — §. dlFdis + 2itrqE = 0. This relation 
resembles (7). One may say that the azimuthal quantum 
force F q maintains the persistent current observed at R > 



and d$/dt = [7Hl0l| instead of the electrical force 
F e = qE. The relation between the quantum force and 
of the product of the ring resistance and the current on 
average in time 



2 -^ = RI 



(8) 



may be obtained from (7). Although this relation resem- 
bles the Ohm's law it can not connect directly the values 
I and R measured, for example in [U, H[, with the value 
of the quantum force because RI 7^ R x / in the general 
case. The dissipation force acts and R(t)I(t) 7^ only 
during a transitional time t tr < trl after the switch- 
ing of ring segments into normal state whereas the ring 
can be also in the normal state with R > and 1 = 
and in superconducting state with I p 7^ and R = 0. 
The approximate equality RI ss R x / is possible only in 
the limit case f sw ^>trl- Nevertheless the observations 
T p 7^ at R > @-GZj can not be possible at RI = 
because the transitional processes must be from I p 7^ 
at R = to |/| < \I P \ at R > 0. 

The explanation with help of the quantum force of the 
observations of the electrical current I p 7^ circu- 

lating in the ring without a decay at R > and e?$ jdt = 
is important for the true interpretation of this paradox- 
ical phenomenon. The dissipation force must be zero 
without the quantum force (7) and one should assume 
that the electrical current can flow without energy dis- 
sipation at non-zero resistance R > 0. Such assumption 
is preposterous. It presupposes particularly that electri- 
cal currents can have different nature. No one can doubt 
that the energy dissipation with the power RI 2 is ob- 
served in a ring with the resistance R when the current / 
is induced by the Faraday electrical field RI = —d$/dt. 
This current can be induced in the rings in which the per- 
sistent current I p 7^ at R > was observed How 
can we discern qualitatively these electrical currents if we 
assume that the persistent current can be dissipationless 



at R > 0? In spite of the absurdity of this assumption 
some authors [13, [H[ interpret the persistent current ob- 
served [I3l in normal metal ring as dissipationless. This 
preposterous [l8| interpretation not only contradicts to 
the experimental results [17[ but also is useless [9( be- 
cause of the observations of the electrical current flowing 
against electrical field [|| and the dc voltage oscillating 
in magnetic field just as the persistent current [8l. l3. Il5|. 



3.2. Electrical current flowing against electrical 
field 

The Little-Parks oscillations 171 are observed 

urn 

with 

help of measurement of the dc voltage V = RI ex t induced 
by an external current flowing from left to right (or from 
right to left) through the ring- halves, see Fig.l in Q. The 
voltage periodicity F($/$o) = R($/$o)Iext, see, for ex- 
ample, Fig. 3 in [8|, is evidence of the persistent current 
Ip 7^ at $ 7^ n$o and $ 7^ (n+ 1)$ flowing against the 
electrical field on average in time E — — V V in one of the 
ring-halves. The oscillations F($/$ ) = R($/®o)Iext 
are observed at different values of the external current 
I ex t both much higher, see Fig. 3 in Q, and much lower, 
see Q, than the amplitude of the persistent current I p a- 
The total electrical current is = 0.5I ext + I p in one of 
the ring-halves and I w = 0.5I ex t — I p in the other one, 
in which the I p direction is opposite to the I ex t one, see 
Fig.l in 0. The observations V($/$o) = R{^/^>o)Ie X t 
at I ext < I p [H, [§| give evidence that the total direct elec- 
trical current I w = 0.5I ex t — I p flows against the direct 
electrical field E = — V V ~ —V/nr in one of the ring- 
halves, i.e. that this ring-half is a dc power source, the 
power of which Wdc ~ —IpV at I ex t -C I p - The obser- 
vations [g, |9[ of this dc power source and the dissipation 
of its power Wd c ~ IpV in the other ring-half disprove 
once and for all the preposterous interpretation [T3, [H| 
of the persistent current I p 7^ observed at R > as a 
dissipationless phenomenon. 

In order to explain the paradoxical observations [1, |s| 
of the electrical current flowing against electrical field 
the switching of ring segments or the whole ring between 
superconducting and normal states in the fluctuation re- 
gion T c ~ 6T c /2 < T <T C + 6T c /2 should be taken into 
account. The voltage V = RI ex t ~ Rnstnfswlext can 
be observed because of non-zero resistance during a time 
t n . Mobile charge carriers can move against the electrical 
field E during the relaxation time under its own inertia 
(kinetic inductance L) in accordance with the Newton's 
second law mdv/dt = Fdi S — qE. It is possible over and 
over again thanks to the non-zero velocity corresponding 
to the permitted state (2) before each transition into nor- 
mal state. Consider these processes when the whole ring 
is switched between superconducting state with a homo- 
geneous density of pairs n s > and normal state with 
n s = in the whole ring. Let this symmetric ring, see 
Fig.l in Q, has the same sections s n = s w , the same in- 
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ductance L n = L w — L/2 and the same resistance in the 
normal state i?„ ins = R w ,ns = Ri,ns/% of the ring-halves. 
The currents 



Iext/2 + Ip 



lext/^ Ip 



(9) 



should flow in the ring-halves when the whole ring is 
superconducting, see Fig.l in [|. I p = I P , A 2(n - */* ) 
is the circular persistent current (4); I ex t is the direct 
(dl ex t/dt = 0) external current flowing from left to right. 
Here and below the left-to-right direction corresponds to 
positive values of I ex t, I ni I w and the clockwise direction 
for I p , see Fig.l in [8[. The currents in the ring-halves 
after the switching of the whole ring in normal state can 
be calculated from the relations 

I>n — T. 1" Rn,nsln — V> Lw — h Rw.nslw — V (10) 

at at 

The Sum L n dl n / dt + L w dl w / dt + R n ,nsln + Rw,nslw — 

(Ri,ns/2)Iext — 2V of the relations (10) gives the voltage 
V = (Ri } ns/£)Iext hi the normal state because the sum 
In + Iw = Iext can not change in time d(I n + I w )/dt = 
dl ex t/dt = 0. The relation 

L d(I n — Iw) , Rl.ns 

2 



"-{In 







(11) 



dt 2 

obtained from (10) describes the decay I c ir{t) — 
I p exp — t/TRL of the circular current I C i r = (I n — I w )/2 
after the switching in normal state at t = 0. There is 
taken into account that according to (9) J c j r = (I„ — 
I w )/2 = I p before the switching at t = 0. 

The currents in the ring-halves /„ = I ext /2 + I cir , I w = 
Iext i '2 — I c ir decay because of the dissipation from /„ = 

lext/^ ~t~ Ip: Iw — Iext/2 Ip I n I ex t/2 -\- 1 cir{tn) i 

Iw = Iext /2 — I c ir(t n ) during the time t n when the ring is 
in the normal state and revert to the initial values at the 
recurrence in superconducting state. Therefore dl n /dt = 

Q- 1 J® dtdl n /dt = (7 n (6) - l n (0))/e « and dl w /dt « 
when the ring is switched with a frequency f sw 3> 1/6 
between superconducting and normal states. Taking into 
account that the decay of the currents because of the 
dissipation force R n I n , Rwlw is compensated with the 
quantization we can obtained the following relations 



R n I n 



(12) 



q q 

connected the values on average in time. Here as well 
as in the relation (8) the quantum force F q describes the 
momentum change in a time unity because of the quan- 
tization at the recurrence of the ring in superconducting 
state. The voltage on average in time & can be estimate 
with help of the relation V = (Ri, n s/i)Iexttn/ {t n + t s ) 
because the resistance of the ring-halves connected in 
parallel R n R w /(R n + R w ) — Ri/i equals zero during 
a time t s in superconducting state and i?/ iKS /4 dur- 
ing a time t n in normal state. The V value is posi- 
tive when the external current I ex t is positive whereas 
I w = IextJ2; - Icir ~ Iext 1 1 - I p is negative value at 
I &xt j2 < I p . Therefore it is obvious that the equality 
(12b) is not possible without the quantum force. 



3.3. Quantum oscillations of dc voltage 

Although no theory can explain why the velocity 
of pairs in a segment Ib can change from v = to 
v = (h/mr)(n — $/$o) after the transition of the 
Ia segment into the superconducting state n s ^A > 0, 
Fig.l, both quantum mechanics and all experiments tes- 
tify to this paradoxical force-free momentum transfer. 
There can be no doubt also that the potential voltage 
Va(£) = RAl(t) — RaI p cxp ~t / trl should appear at 
each switching of the I a segment in the normal state with 
a resistance Ra > 0. Therefore, as it was shown first 
in [19(, potential voltage with a direct component Vd c 
can be observed on the segment I a when it is switched 
between superconducting and normal states with a fre- 
quency f S w — N sw /Q. It is easy to calculate that this 
direct voltage Vd c = J " dt Va (t) / 6 equals approximately 
V dc ~ Lfswlp at f S w < 1/trl and V dc ~ RaI p at 
fsw ~>1/trl. 

The dc voltage oscillations V dc ($/4> ) oc ip($/$ ) 
were observed already on the ring-halves with different 
sections s w > s n when the asymmetric ring is switched 
between superconducting and normal states by ac elec- 
trical current QJ, [3 or a noise [|, d El, CDl- These 
paradoxical observations of the circular electrical current 
I p flowing against the dc electrical field E = — y Vdc 
in one of the ring-halves can not be explained also with- 
out the quantum force. The circular electrical current 
I(t) decays after the switching of the Ia segment in nor- 
mal state because of the dissipation RAl{t) inducing the 
electrical field E = — y V = Va/ '(I — I a) in the other 
segment I — I a- This electrical field decelerates supercon- 
ducting pairs in the segment I — I a in accordance with the 
Newton's second law mdv/dt = —qE and reduces the cir- 
cular current from I p to I(t n ) — I p exp — t n /TRL during 
the time I(t n ) when the I a segment is in normal state. 
This electrical force on average in time qE is equilibrate 
by the quantum force because of the recurrence to the 
I p value at each switching of the Ia segment into super- 
conducting state. The electrical field in the Ia segment 
E = — y V = Va/Ia maintains the circular current at 
Ra > when the dissipation force acts on the mobile 
charge carriers. This balances of the forces on average in 
time give following relations 



RI- l -^L = V d c 



(I - l A )F q 



= V dc 



(13) 



explaining why the electrical current can flow against 
electrical field in the phenomenon of the quantum oscil- 
lations of the dc voltage Vdc($/®o) oc 7p (<&/<& ) observed 
in @, SHU- 



4. CONCLUSION 

Thus, the azimuthal quantum force [H was introduced 
in order to compensate formally the dissipation force 



7 



acting at switching of ring segments between supercon- 
ducting and normal states. The taking into account of 
the momentum change at the switching from continuous 
to discrete spectrum of permitted states of the mobile 
charge carriers enables to explain the numerous observa- 
tions of the persistent current without the preposterous 
and baseless claim [l?], EH that this electrical current 
can be dissipationless at non-zero electrical resistance. 
The quantum force can be introduced also for the ex- 
planation of the phenomenon of the persistent current 
observed in normal metal rings 17]. This phenomenon 
is observed because of the discreteness of permitted state 
spectrum of electrons in the ring. The dissipation force 
in normal metal is a consequence of electron scattering 



at which the spectrum of momentum permitted state be- 
comes continuous. The persistent current does not decay 
in spite of the scattering and the dissipation because of 
the change of the average value of the angular momentum 
of electrons at their recurrence to the states with discrete 
spectrum. These changes in a time unity may be also de- 
scribed with help of the quantum force equilibrating the 
dissipation force. The quantum force is deduced from 
the fact of the momentum change because of the quan- 
tization (2) but it can not explain this paradoxical fact. 
This puzzle, which J.E. Hirsch tries to solve for the case 
the Meissner effect, seems more unsolvable in the cases 
considered here. 
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